Abstract: This study presents results from an extensive experimental research on saturated clean sand deposits subjected to seismic loading. A total of 29 freshly reconstituted soil samples were tested under laboratory conditions. Straincontrolled, undrained, cyclic triaxial tests were conducted to evaluate the excess pore water pressure and associated settlement response of soil to seismic loading. The level of induced cyclic shear strain varied between 0.01% and 0.5%. The generation of excess pore water pressure was measured under various consolidation stresses ranging from 100 kPa to 400 kPa. Additionally, the settlement due to the dissipation of the excess pore pressure was measured and analyzed for each level of consolidation stress. The findings from the experimental work were used for liquefaction and seismic assessment of an actual soil deposit. A scenario earthquake of magnitude Mw = 7.2 with peak ground acceleration (PGA) of 0.42 g was considered. Induced shear strains at various depths of the soil deposit were determined using software ProShake. It was found that relatively shallower depths were less prone to liquefaction with insignificant cyclic settlement.
Introduction
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PUBLIC INTEREST STATEMENT
Earthquakes are the major cause of failures for various structures and infrastructures. This is mainly because of the dynamic loading induced in the ground with the shaking. The supporting soil of structures and infrastructure loses its bearing capacity and turns into a liquid-like form which leads to catastrophic collapses. This study investigates the response of the supporting ground to seismic shaking and evaluates the potential of failure of the ground that can pose tremendous public hazard. saturated soil deposits is a major cause of failure for various infrastructures as well as superstructures during earthquakes. If the developed excess pore water pressure is below the limit to cause liquefaction failure, there is still a damage potential associated with the dissipation of the pressure in the form of excessive settlement. Therefore, saturated sand deposits subjected to dynamic loading has the potential to fail because of: (i) liquefaction and (ii) excessive settlement.
To evaluate the liquefaction potential, several approaches by different researchers have been proposed (e.g. Dobry, Ladd, Yokel, Chung, & Powell, 1982; Ishihara, 1977; Iwasaki, Arakawa, & Tokida, 1984; Law, Cao, & He, 1990; Lees, Ballagh, Orense, & van Ballegooy, 2015; Maurer, Green, Cubrinovski, & Bradley, 2014; Robertson & Campanella, 1985; Seed & Idriss, 1971) . The common methods in practice can be grouped under two major categories: (1) stress-based and (2) strain-based approaches. Earthquake loading and the soil liquefaction resistance are characterized in terms of cyclic stresses in the stress-based approach, and in terms of induced cyclic strains in the strain-based approach.
The stress-based procedure (Seed & Idriss, 1971) uses an approximation for the cyclic shear stress to be developed due to earthquake loading. At a depth of interest, this is done as follows:
where a max is the peak recorded acceleration at the ground surface, g is the gravitational acceleration, σ v is the total overburden stress at the depth of consideration, and r d is a stress reduction factor, which is used to account for the variation of shear stress with depth. The assessment of liquefaction is based on the comparison between the estimated value of cyclic shear stress, τ cyc , and the cyclic shear resistance of the soil, τ cyc,L , (i.e, shear stress required to cause liquefaction in a given number of loading cycles). The cyclic shear resistance can be obtained from laboratory or in-situ tests. Liquefaction is predicted at the site if the equivalent shear stresses induced by the earthquake are larger than the cyclic shear resistance (τ cyc /τ cyc,L > 1).
The strain-based approach (Dobry et al., 1982) requires conversion of irregular earthquake cyclic strains into uniform strain cycles. The amplitude of the uniform cyclic strain is predicted using the following expression:
where G(γ cyc ) is the shear modulus of the soil at γ cyc . Estimation of G(γ cyc ) should be performed iteratively from measured Gmax profile and appropriate modulus reduction curves (e.g. Darendeli & Stokoe, 2001; Sun, Golesorkhi, & Seed, 1988) . In the field, shear modulus at small strains, Gmax, can directly be measured by geophysical techniques (Yang, Dutta, Xu, Hazirbaba, & Marx, 2011; Cox & Hazirbaba, 2012) . In strain-based procedure, the liquefaction potential is determined by the level of excess pore water pressure corresponding to the induced cyclic shear strain, γ cyc . Labortaory or field tests may be used to quantify the excess pore water pressure. For excess pore water pressure ratio (r u , where r u = Δu/ σ'; Δu = excess pore pressure and σ' = initial effective confining pressure) value of 0.9 or greater, liquefaction is expected.
As discussed above, the key parameter in determining both the liquefaction potential and cyclic loading settlement is the excess pore water pressure. Induced shear strain is considered to be a more directly related parameter to the excess pore water pressure buildup of saturated sands during undrained cyclic loading than shear stress (Hazirbaba & Omarow, 2015 , 2018 . However, the challenge in the strain-based procedure is in determining the cyclic shear strain accurately. In this study, a systematic experimental program was designed to evaluate the response of a medium dense clean sand at various cyclic shear strains and consolidation stresses. The findings from this research are directly applied to a case study where an actual soil deposit is subjected to a scenario seismic event. The details of the experimental program and the implication of the results through a case study are presented in the following sections.
Material and methodology

Material
Ottawa sand (C-109) was tested in this study. Ottawa sand is a commercially produced, washed, and sieved clean sand. The grain size distribution curve of the Ottawa sand is shown in Figure 1 . The index property tests performed on the soil were in accordance with ASTM standards. The results are summarized in Table 1 , and agree well with the previously reported studies on Ottawa sand (e.g. Carraro, Bandini, & Salgado, 2003) .
Testing system
The testing equipment used in this research is a custom-made triaxial equipment. The system is equipped with signal conditioning, servo amplifier, computer interface, and data acquisition units. A dedicated software enables the system to be controlled by the computer. Servo valves are the controlling means for the hydraulically actuated axial loader as well as the pressure system. A photo of the equipment is shown in Figure 2 . The triaxial cell is capable of accommodating 100 mm (diameter) by 200 mm (height) samples. Up to 32 transducers can be installed and controlled with the signal conditioning unit. Sensor capacities and sensitivities are summarized in Table 2 .
Sample preparation
In this study, the moist undercompaction (Ladd, 1978) method was adopted for reconstituting the sand specimens. Dry soil was mixed with distilled, de-aired water to obtain saturation of about 50%. The mixture was prepared in an airtight container in order to uniformly distribute the moisture and prevent any loss of water due to evaporation. A rubber membrane was stretched tight to the inner wall of a split type mold with vacuum, which was then seated on the base pedestal of the triaxial apparatus, as shown in Figure 3 . Moist soil was transported into the mold using a spoon. The desired layer height was achieved by using a manual tamper. After compaction, the tamper was removed and the top surface of the layer was slightly roughened in order to obtain a good contact between layers. Total of 10 layers were compacted following the same procedure. The final layer was compacted to a slightly higher height to allow some sitting for the top cap. A light twist was applied while seating the top cap in order to maintain full contact between the cap and the specimen. After connecting the drainage lines, about 20 kPa vacuum was applied and the mold was dismantled. The vacuum was applied through a burette with water. This allowed checking for any air leakage into the specimen. O-rings at the top and bottom of the specimen were tightened further around the membrane with the help of hose clamps. The dimensions of the specimen were measured and recorded. Then, the cell was assembled and filled with tap water. A cell pressure of 10 kPa was applied while releasing the vacuum. It is important not to exceed a net effective stress of 30 kPa on the sample at this stage. Next, the sample was flushed with carbon dioxide (CO 2 ). This is done to speed up the saturation process. Because CO 2 is much more soluble in water than air, the back-pressure saturation is achieved faster (Hazirbaba & Omarow, 2015) . Following the percolation with CO 2 , the sample is flushed with de-aired water. Then, backpressure was applied while keeping the same initial net effective stress on the specimen. Full saturation was assumed to have been achieved for B-values of 0.96 or higher.
Following backpressure saturation, the sample was consolidated to the desired nominal effective stress. The sample was allowed to consolidate until no further volume change occurred, which took about 60 minutes. This was considered to be adequate due to the relatively high permeability of the sand.
Cyclic loading
The sample dimensions at the end of consolidation were used to determine the necessary axial deformation to induce the desired cyclic strain, γ. The peak to peak axial strain was calculated for the loading cycles using the consolidated height of the specimen. The cyclic shear strain can be calculated by elasticity theory, as:
where γ is shear strain, ε v is applied double amplitude axial strain, and ν is Poisson's ratio (=0.5 for fully saturated soils). The sample was subjected to sinusoidal loading at a frequency of 0.2 Hz. This loading frequency was selected for more accurate pore pressure measurements as larger frequencies were found to disrupt the pore pressure equilibration.
Rubber membrane stretched inside the mold
Vacuum line Manual tamper After 50 loading cycles or liquefaction (i.e. r u = 1.0), the test was terminated and cyclic settlement (reconsolidation) measurements were conducted with the help of the volume change transducer and set-up. Dissipation of the developed excess pore pressure and associated cyclic settlement took about 30 minutes or less to complete.
Results from a typical strain-controlled, undrained, cyclic triaxial test are illustrated in Figure 4 . A clean sand specimen is subjected to 0.3% cyclic shear strain as shown in Figure 4(a) . The change in shear stress and excess pore water pressure with respect to the number of loading cycles is shown in Figure. 4(b,c) , respectively. Figure 4(d) shows shear stress versus shear strain indicating degradation of stiffness, primarily due to the increase in the excess pore pressures.
Experimental results and discussion
A total of 29 tests were conducted on reconstituted medium dense (Dr = 50%) sand samples. Each test was conducted on a freshly prepared sand sample. The tests performed are listed in Table 3 . The tests are grouped according to the applied consolidation stress (i.e. 100 kPa, 300 kPa, and 400 kPa). Figure 5 illustrates the excess pore pressure buildup in terms of pore pressure ratio versus cyclic shear strain after 10 loading cycles (N = 10) for specimens tested under 100 kPa effective confining pressure. The number of loading cycles N = 10 was selected as a representative of Mw = 7.0 earthquake (Dobry et al., 1982; Seed & Idriss, 1971) . The results are compared with those presented by Dobry (1985) for various sands, specimen preparation techniques, relative densities, and initial effective confining stresses. There is a reasonable agreement between the results from this study and the upper bound of Dobry (1985) . It should be noted that Ottawa sand was not included among the sands investigated by Dobry. The results in Figure 5 shows that no significant excess pore pressure develops when the induced shear strains are less than about 0.01%, suggesting a threshold shear strain for Ottawa sand to be 0.01%, which agrees with Dobry's results for clean sands. Hazirbaba (2005) introduced the rate of excess pore pressure per logarithmic cycle as a parameter characterizing pore pressure generation. The graphical illustration of the concept is given in Figure 6 . Rates of pore pressure generation were calculated and evaluated in terms of effective confining pressures, as presented in Figures 7 and 8 . Pore pressure generation rate is defined as the ratio of the difference in excess pore pressure ratios, Δr u , to the difference in number of loading cycles in logarithmic scale, log(N i /N i-1 ).
The rate curves illustrate how rapidly the excess pore pressures develop in the samples. In Figures 7 and 8 , pore pressure rates of specimens subjected to lower (0.06%) and higher (0.3%) shear strains are compared for different consolidation stresses. The data show that the pore pressure rate is mainly influenced by the (i) level of shear strain, (ii) number of loading cycles, and (iii) consolidation stress.
The development of excess pore water pressure with respect to the applied shear strain comprises a set of curves when considered for different loading cycles. These curves, called pore pressure generation curves, illustrate the generation of pore pressures by each loading cycle. Pore pressure generation curves from the tests conducted in this study are shown in Figures 9-11 . They show that the excess pore water pressure is a function of the applied shear strain, γ, and the number of loading cycles, N. The generated pore pressure increases with increasing induced shear strain. It can also be seen that excess pore pressures gradually increase with increasing number of loading cycles.
At a given level of induced shear strain, the potential of excess pore pressure generation is a function of the number of loading cycles. More specifically, the first and last cycles of loading may be used to evaluate the potential of pore pressure generation. The difference between the pore pressure ratios at these loading cycles (i.e. first and last) can quantify the potential; the larger the difference, the greater the potential. At relatively small levels of induced shear strain (γ~0.01%) the difference is negligible. This is confirming the existence of the threshold shear strain level below which neither pore pressure develops nor settlement occurs. As the shear strain level increases beyond the threshold value of 0.01%, the difference becomes more pronounced. For the specimen consolidated to 100 kPa effective stress (Figure 9 ), the largest difference is observed at shear strain of 0.1% indicating a significant influence of the number of loading cycles on excess pore pressure development. However, once close to liquefaction (i.e. excess pore pressure ratio of 1.0), the curve flattens out and the difference in pore pressure between loading cycles decreases. Therefore, specimens consolidated to 100 kPa effective stress are mostly influenced by the number of loading cycles in the middle range shear strains (γ~0.1%) as shown with the dashed ellipse. For specimens with higher consolidation stresses of 300 kPa and 400 kPa, the influence region (dashed ellipse) is shifted towards higher shear strains (γ) of 0.2% and 0.3%, respectively, as shown in Figures 10 and 11 . Thus, the results presented in Figures 9-11 imply that the generation of pore pressure requires a greater level of induced shear strain with increasing consolidation stress in the range of 100 kPa to 300 kPa. The volumetric strain is calculated as the ratio between post-loading volume change and the postconsolidation (pre-loading) volume of the specimen, ε v = ΔV pt /V pc . Volumetric strains were analyzed against generated pore water pressure as shown in Figure 12 . It can be seen that for the same value of generated excess pore pressure, the volumetric strain increased with increasing effective confining pressure. However, the influence is not very strong and becomes more pronounced at higher excess pressures. Lee and Albaisa (1974) reported similar results stating that the influence of the effective confining pressure was only significant for pore pressures higher than 0.6.
Implication of the results through a case study
The findings of the current research were used to evaluate the liquefaction potential and cyclic settlement of the soil profile shown in Figure 13 . The soil profile consists of considerable amount of medium dense (Dr = 50%) sand deposit, confined by impermeable clay and bedrock layers. The water table is 0.5 m from the ground surface. The properties of the soil are summarized in Table 4 . It should be noted that these properties were compiled as representative values based on the soil type. The soil deposit was subjected to a scenario earthquake of magnitude Mw = 7.2 with peak ground acceleration (PGA) of 0.42 g. Figure 14 shows the synthetic ground motion characteristics.
Corresponding depths to the effective consolidation stresses considered previously (σ' = 100 kPa, 300 kPa and 400 kPa) are points A, B, and C, as shown in Figure 13 . The induced shear strains at these points were determined using the software "ProShake". The results of the analyses are provided in Figure 15 . The induced maximum shear strain due to the seismic event at points A, B, and C are γ max = 0.047%, 0.98%, and 1.48%, respectively. Equivalent uniform, cyclic shear strains are calculated by multiplying the maximum shear strains by a factor of 0.65 (65% of the maximum shear strain) as per Equation (2). Therefore, uniform cyclic shear strains at points A, B, and C are γ = 0.03%, 0.64%, and 0.96%, respectively. The number of uniform loading cycles corresponding to earthquake magnitude Mw = 7.2 is N = 10 (Dobry, 1985) . Thus, the excess pore pressures are estimated as r u.A = 0.14; r u.B > 0.98; and r u.C > 0.8 from Figures 9-11 , respectively. It is important to note that the maximum cyclic shear strain for the samples tested under 300 kPa and 400 kPa consolidation stress in the laboratory were 0.5% and 0.3%, respectively. The excess pore pressure ratio at these levels of induced shear strain was found to be at a near-liquefaction state (r u > 0.8). Therefore, points B and C are likely to experience liquefaction.
Settlement due to the dissipation of the generated pore pressures can be estimated using Figure 12 . The settlement values in the form of volumetric strains at points A, B, and C are obtained approximately as ε v = 0.04%, 0.9% and 0.6%, respectively, and listed in Table 5 .
Summary and conclusion
A series of strain-controlled, undrained, cyclic triaxial tests were performed on samples of medium dense sand. The excess pore water pressure and the settlement due to the dissipation of this pressure were evaluated, and applied to a case study. The following conclusions were drawn from this study:
(1) Results from tests performed on samples consolidated to different effective stresses show that generated excess pore pressures decrease with increasing consolidation stress. The influence in the mid-range shear strains (γ = 0.03-0.3%) was found to be significant; more than 200% reduction in pore pressure was observed for samples consolidated to 400 kPa in comparison to those consolidated to 100 kPa.
(2) The pore pressure was found to increase with increasing number of loading cycles and induced shear strain. At a given level of induced shear strain, the potential to develop excess pore pressure was evaluated by analyzing the difference between the first and last loading cycles. The larger the difference, the greater the potential of pore pressure generation.
(3) The number of loading cycles was found to be an essential parameter in determining (i) pore pressure generation potential of a specimen and (ii) rate of pore pressure development.
(4) Evaluation of volumetric strain as a function of generated pore pressure showed that samples consolidated to higher effective consolidation stresses experience larger volumetric strain.
(5) Assessment of liquefaction potential of an actual soil deposit was illustrated through a case study. The deeper layers of soil in the deposit with 300 kPa and 400 kPa consolidation stresses were found to be more susceptible to liquefaction under the scenario seismic event.
The shallower location was found to be far less susceptible to liquefaction.
(6) The analysis of settlement, in the form of volumetric strain, indicated much greater potential of failure at deeper layers of soil under the scenario event.
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